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INTRODUCTION 

The s p e c i a t i o n  and q u a n t i f i c a t i o n  o f  o rgan ic  s u l f u r  forms i n  f o s s i l  f u e l s  i s  an 
area o f  research which has received much a t t e n t i o n  i n  r e c e n t  years  (1). Most o f  t h e  
techniques employed e i t h e r  chemica l l y  change t h e  s u l f u r  s t r u c t u r e s  o r  f a i l  t o  f u l l y  
de tec t  s u l f u r  s t r u c t u r e s  due t o  t h e i r  n o n v o l a t i l i t y .  Except ions are  X-ray absorpt ion 
spectroscopy (XAS) and X-ray absorpt ion near edge spectroscopy (XANES) used r e c e n t l y  
by Gorbaty e t  a l .  t o  q u a n t i f y  s u l f u r  forms i n  coa ls  and heavy petroleum (2,3). This  
paper descr ibes a new, nondest ruc t ive  NMR method which o f f e r s  p o t e n t i a l  f o r  i d e n t i f y i n g  
and q u a n t i f y i n g  s u l f u r  forms i n  f o s s i l  f u e l s .  The method i s  based on t h e  methy la t ion  
o f  s u l f u r  compounds t o  form sul fonium s a l t s .  We demonstrate t h a t  the  13C chemical 
s h i f t  o f  the  added methyl  carbon i s  very s e n s i t i v e  t o  the  n a t u r e  o f  t h e  s u l f u r  atom t o  
which i t  i s  bonded. Thus, i n  p r i n c i p l e ,  d i a l k y l s u l f i d e s ,  a l k y l a r y l s u l f i d e s ,  
d i a r y l s u l f i d e s ,  benzothiophenes and dibenzothiophenes can be d i s t i n g u i s h e d  by t h i s  
technique. A p r e l i m i n a r y  study using crude petroleum i s  presented t o  i l l u s t r a t e  the  
p o t e n t i a l  o f  t h i s  technique f o r  i d e n t i f y i n g  s u l f u r  compounds i n  f o s s i l  f u e l s .  

EXPERIMENTAL 

Methy la t ion  o f  Model Compounds 

The procedure f o r  methy la t ion  i s  s i m i l a r  t o  t h a t  g i v e n  by Acheson and Har r ison  
(4 ) .  Approximately 1 mmol o f  the  s u l f u r  compound and 1 . 2 .  mmol o f  AgBF, were d isso lved 
and s t i r r e d  i n  3.0 mL o f  d ichloroethane under argon. Methyl  i o d i d e  (2.0 mmol) was 
added v i a  sy r inge t o  the  s t i r r e d  s o l u t i o n .  A y e l l o w  p r e c i p i t a t e  (AgI)  immediately 
formed i n  a l l  cases. The r e a c t i o n  was al lowed t o  s t i r  o v e r n i g h t  a f t e r  which the  
s o l u t i o n  was f i l t e r e d  t o  remove AgI. The A91 p r e c i p i t a t e  was washed w i t h  a c e t o n i t r i l e .  
The f i l t r a t e  was then ro tovapor ized  a t  40-50 ‘C t o  remove excess so lvent .  The res idue 
was t r i t u r a t e d  w i t h  e t h e r  t o  g i v e  a p r e c i p i t a t e .  I n  some cases an o i l  formed which 
cou ld  n o t  be p r e c i p i t a t e d ,  i n  which case the  o i l  was d i s s o l v e d  i n  d , -ace ton i t r i le  o r  
d,-acetone and analyzed d i r e c t l y  by NMR. I f  a p r e c i p i t a t e  formed, it was f i l t e r e d  and 
washed w i t h  ten  drops o f  water t o  remove excess AgBF,,. The s o l i d  was then d isso lved 
i n  a c e t o n i t r i l e .  E ther  was then added u n t i l  t h e  s o l u t i o n  became s l i g h t l y  t u r b i d .  The 
s o l u t i o n  was then cooled i n  d r y  ice/acetone t o  e f f e c t  c r y s t a l l i z a t i o n .  The y i e l d s  
ranged from 40 t o  80%. 

Methy la t ion  o f  Crude Petroleum 

The same bas ic  procedure was used t o  e f f e c t  m e t h y l a t i o n  o f  an Arabian crude 
petroleum sample. The sample was obtained from Ashland O i l  and conta ins  2.8% s u l f u r .  
The amounts o f  t h e  reagents were the  same except t h a t  1 g o f  petroleum was used i n  
p lace  o f  t h e  s u l f u r  compound. The s o l u t i o n  was s t i r r e d  overn igh t  and then t h e  AgI was 
f i l t e r e d  o f f .  The so lvents  were removed by r o t o v a p o r i z a t i o n  a t  40-5O’C and t h e  res idue 
was then placed i n  a vacuum oven overn igh t  a t  room temperature. A small  amount o f  
res idue (100 mg) was then d isso lved i n  about 1 mL o f  d - a c e t o n i t r i l e .  Not a l l  o f  the  
res idue d i s s o l v e d  so the  s o l u t i o n  was f i l t e r e d  and then placed i n  an NMR tube f o r  
ana lys is .  

FT-NMR Ana lys is  

13C spec t ra  were obtained a t  270 MHz us ing a JEOL CPF 270 FT-NMR. A pulse  w i d t h  o f  2.8 
us and a p u l s e  de lay  of 3.0  sec were used. The number o f  t r a n s i e n t s  ranged from 1500- 
5000 f o r  t h e  petroleum samples, depending on t h e  concent ra t ion .  
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RESULTS AND DISCUSSION 

Model Compounds 

a l k y l  i od ide  t o  y i e l d  su l fon ium ions as shown below ( 5 , 6 ) .  
S u l f u r  i s  an e x c e l l e n t  nuc leoph i l e .  As such, s u l f i d e s  and thiophenes r e a c t  w i t h  

RSR + R ' I  _ _ _ _ _ _ _ _  > R,R'S+ I' 

The reac t i on  i s  favored by p o l a r  so l ven ts  such as a c e t o n i t r i l e  and acetone. Since 
i od ide  i s  a l so  a good nuc leophi le ,  t he  r e a c t i o n  i s  r e v e r s i b l e .  However, i f  the 
reac t i on  i s  c a r r i e d  ou t  i n  the  presence o f  s i l v e r  t e t r a f l u o r o b o r a t e  (AgBF,), s i l v e r  
i od ide  i s  p r e c i p i t a t e d ,  l e a v i n g  the poor nuc leoph i l e  t e t r a f l u o r o b o r a t e  as the so lu te  
anion. A l k y l  and a r y l  s u l f i d e s  and thiophenes have a l l  been success fu l l y  a l k y l a t e d  by 
t h i s  method. 

Only l i m i t e d  13C chemical s h i f t  i n fo rma t ion  e x i s t s  on methyl su l fon ium s a l t s  
(7.8) Therefore, we prepared models f o r  examination by NMR spectroscopy. The r e s u l t s  
are shown i n  Table I, where t h e  chemical s h i f t s  o f  t he  added methyl carbon ( r e l a t i v e  
t o  TMS) are l i s t e d .  

The S-CHJ chemical s h i f t s  cover a 15 ppm range f o r  the model compounds examined. 
Among the  s u l f i d e s ,  the chemical s h i f t  increases w i t h  t h e  number o f  a r y l  groups bonded 
t o  the s u l f u r  atom. This  same t rend  i s  ohserved f o r  t he  thiophenes, w i t h  t h e  chemical 
s h i f t  i nc reas ing  w i t h  increased a r y l  s u b s t i t u t i o n  about the  c e n t r a l  thiophenium r i n g .  
Comparing the  chemical s h i f t s  o f  t he  S-methylbenzo[b]naphtho[2, l d l t h iophen ium (7)  and 
S-methyldibenzothiophenium c a t i o n s  (6) reveals  the e f f e c t  o f  an a d d i t i o n a l  fused r i n g  - 

a s l i g h t  u p f i e l d  s h i f t .  Although more model compound work i s  requi red,  these i n i t i a l  
r e s u l t s  i n d i c a t e  the  p o t e n t i a l  f o r  spec ia t i on  o f  s u l f u r  forms by . the NMR technique. 

Methy lat ion of Crude Petroleum 

To demonstrate the  usefu lness o f  t h i s  approach, we have methy lated an Arabian 
crude petroleum sample. The a l i p h a t i c  reg ion  o f  t he  13C NMR spectrum o f  t he  crude 
d isso lved i n  CDCl i s  shown i n  f i g u r e  1 (spectrum A). The major peak i n  t h e  spectrum 
i s  a t  approximateyy 30 ppm ( r e l a t i v e  t o  TMS). This  peak i s  a t t r i b u t e d  t o  a l i p h a t i c  
methylene groups by d i s t o r t i o n l e s s  enhanced p o l a r i z a t i o n  t r a n s f e r  techniques (DEPT). 
The spectrum o f  t he  product  from S-methy lat ion us ing o rd ina ry  methyl i od ide  as 
me thy la t i ng  reagent i s  shown above t h i s  spectrum (spectrum 6). The so l ven t  i s  t h i s  
case was d , -ace ton i t r i l e .  Th i s  spectrum i s  very s i m i l a r  t o  t h a t  o f  t he  o r i g i n a l  crude, 
w i t h  the  same set  o f  major peaks. The small d i f f e rences  i n  chemical s h i f t s  might  be 
a t t r i b u t e d  t o  a so l ven t  e f f e c t .  There i s  no apparent evidence o f  added methyl groups 
i n  the spect ra o f  t he  methy lated crude. 

The spectrum o f  t he  product  us ing  99% 13C-enriched methyl i o d i d e  i s  a l so  shown 
i n  F igure 1 (spectrum C ) .  Th i s  spectrum i s  s t r i k i n g l y  d i f f e r e n t  than the  o the r  two 
spectra. The d i f f e r e n c e  i s  most l o g i c a l l y  a t t r i b u t e d  t o  added methyl groups whose 
s igna ls  are enhanced due t o  the i s o t o p i c  enrichment o f  the methyl i od ide .  This  
spectrum i s  expanded i n  F igu re  2 t o  i l l u s t r a t e  more d e t a i l .  Although complex, t h i s  
spectrum was h i g h l y  rep roduc ib le  i n  a d u p l i c a t e  run.  Some o f  t h e  peaks can be 
a t t r i b u t e d  t o  t h e  o r i g i n a l  petroleum and are i n d i c a t e d  w i t h  an a s t e r i s k  (*). 

Obviously, t he  spectrum i n  F igu re  2 conta ins a considerable amount o f  i n fo rma t ion  
most o f  which i s  p resen t l y  no t  i n t e r p r e t a b l e .  However, some p r e l i m i n a r y  assignments 
can be made. The reg ion  f rom 32.0 t o  36.0 ppm i s  expanded and shown i n  F igu re  3. 
There are s i x  major peaks i n  t h i s  reg ion  w i t h  on l y  one peak a t  32.7 a t t r i b u t e d  t o  the  
o r i g i n a l  petroleum. I n  o rde r  t o  make poss ib le  assignments f o r  these peaks, we have 
spiked t h e  sample w i t h  known samples o f  S-methyldibenzothiophenium and S- 
methylbenzo[blnaphtho[I ,2d]thiophenium t e t r a f l u o r o b o r a t e  s a l t s  (compounds 6 and 7 ,  
Table I ,  r e s p e c t i v e l y ) .  The spectrum o f  the spiked sample i s  shown above the  unspiked 
sample. The peaks a t  34.9 and 34.2 ppm are seen t o  grow, i n d i c a t i n g  t h a t  these peaks 
correspond t o  compounds 6 and 7, r e s p e c t i v e l y .  Thus a t e n t a t i v e  assignment can be made 
t o  these two peaks i n  the spectrum. 
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TABLE I 

NMR Data on Model Sul fonium S a l t s  

Cation' 8 .  DDm ( C H 3 L  

(1)  CH3CH,-S-CH2CH3 
CH3 

( 5 )  @ 
I 

21.0, 19.8< 

25.0 

28.4 

28.3 

31.7 

34.9 

34.2 

a Te t ra f l uo robora te  s a l t s  
Re la t i ve  t o  TMS 
Reference 7 

CONCLUSIONS 

We have'determined t h e  S-CH "C chemical s h i f t s  f o r  a v a r i e t y  model sul fonium 
s a l t s .  The da ta  revea l  t h a t  t h e  c iemica l  s h i f t  i s  very s e n s i t i v e  t o  the  na ture  o f  the 
s u l f u r  atom bonded t o  t h e  methyl group. Thus a v a r i e t y  o f  model s u l f u r  compounds can 
be r e a d i l y  d i s t i ngu ished  by S-methy la t ion  w i th  subsequent NMR a n a l y s i s .  The "C NMR 
spectrum o f  methylated crude petroleum us ing  i s o t o p i c a l l y - e n r i c h e d  methyl i o d i d e  
r e v e a l s  a number o f  peaks, most o f  which are u n i d e n t i f i e d  a t  t h i s  t ime. More model 
compound work i s  obv ious ly  needed i n  o rder  t o  more f u l l y  i n t e r p r e t  t h e  spectrum. 
However, i t  i s  c l e a r  t h a t  t h e  technique o f f e r s  p o t e n t i a l  f o r  spec ia t i on  o f  s u l f u r  forms 
i n  f o s s i l  f u e l s .  The technique might be p a r t i c u l a r l y  u s e f u l  f o r  ana lyz ing  s u l f u r  forms 
i n  coa ls ,  s ince  many o f  t h e  s u l f u r - c o n t a i n i n g  compounds are  n o n v o l a t i l e  and are  n o t  
r e a d i l y  analyzed by o the r  techniques. 
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Figure  1. 13C W Spec t r a  of Arabian Crude. 

CDC13. 
C - methylated crude i n  d 3 - a c e t o n i t r i l e  us ing  99% l3C- 
enr iched  methyl i od ide .  

A - o r i g i n a l  crude i n  
B - methylated c rude  i n  d y a c e t o n i t r i l e .  
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Figure  2 .  1% NMR Spectrum of Methylated Arabian Crude us ing  

99% l k - e n r i c h e d  methyl i od ide .  
peak a t t r i b u t e d  t o  o r i g i n a l  c rude .  

As te r i ck  i n d i c a t e s  
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Figure 3. 1% NMR Spectrum of Methylated Arabian Crude using 

99% '%enriched methyl iodide. 
B - sample spiked with Compounds 6 and 7. 

A - unspiked sample. 
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